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LHCb has collected the world’s largest sample of charmed hadrons.
This sample is used to search for direct and indirect CP violation in charm
and to measure D0 mixing parameters. Preliminary measurements from
several decay modes are presented, with complementary time-dependent
and time-integrated analyses.
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1 Introduction
The neutral and charged charm meson sector is interesting for the study of Charge
Parity (CP) violation in the Standard Model (SM) due to the presence of the c
quark. There are three types of CP violation which can be studied. When the
magnitude of the amplitude for the decay of a D meson into a certain final state f ,
|Af | = |〈f |H|D〉|, does not equal the magnitude of the amplitude for the CP
conjugate decay, |Af | = |〈f |H|D〉|, there is direct CP violation. This can occur in
both charged and uncharged D meson decays. For neutral mesons, the misalignment
of mass and flavor eigenstates causes spontaneous transitions between particle (D0)
and antiparticle (D
0
), and vice versa. This transition is known as flavor oscillation,
or mixing. CP violation in mixing is then the asymmetry between oscillation from
particle to antiparticle or vice versa, and finally there can be CP violation in the
interference between mixing and decay. These proceedings report in summary the
search for mixing in the neutral D meson system, and searches for time integrated
CP asymmetries in the decays D+ → φpi+, D+s → K0Spi+, D0 → K−K+pi+pi− and
D0 → pi−pi+pi+pi− using 1 fb−1 of data collected with the LHCb detector in 2011.
2 Review of Theory
It is customary to write the mass eigenstates in terms of the flavor eigenstates as
|D1,2〉 = p|D0〉 ± q|D0〉, and to characterize the mixing by the dimensionless
parameters x = (m2 −m1)/Γ and y = (Γ2 − Γ1)/(2Γ), where p and q are complex
numbers, m1,2 and Γ1,2 are the mass and decay width eigenvalues, and Γ is the
average width. If mixing did not occur, then x = y = 0. In this formalism, CP
violation in pure mixing occurs when |q/p| 6= 1. Finally, CP violation in the
interference between mixing and decay depends on the quantity λf ≡
(
q
p
Af
Af
)
and
λf ≡
(
q
p
Af
Af
)
.
Measurements in this system are interesting for a variety of reasons. First, the D0
represents the only up-type quark system which undergoes mixing. In the Standard
Model, short range interactions are dominated by GIM- and CKM-suppressed loop
diagrams, and non-perturbative long range interactions may dominate these effects,
making the theoretical calculations challenging. Standard model expectation is for x
and y to be as large as O(10−2) [1, 2]. In the case of direct CP violation, Standard
Model predictions give CP asymmetries of O(10−3) and depends on final state.
Indirect CP violation, specifically in mixing, is expected at
O[|(VcbVub)/(VcsVus)|] ∼ 10−3. Any departure from this could point to new
physics [1–5].
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3 D0 −D0 Mixing
In 2012, LHCb presented a search for mixing in the neutral D system [6]. This was
accomplished with the decay D∗+ → D0pi+s , D0 → Kpi, where pis is the characteristic
soft pion produced in the flavor conserving decay of the D∗. The D0 can decay via
“right-sign” (RS), D0 → K−pi+ decay or the “wrong-sign” (WS), D0 → K+pi−
decay. Unless noted otherwise, charge conjugate decays are implied. The RS (WS)
signal yields are determined from a fit to the D0pi+s invariant mass distributions,
corresponding to ≈ 8.4M (≈ 36k) events. The fits are shown in Figure 1.
Events are triggered by signatures consistent with a
hadronic charm decay. The hardware trigger demands a
hadronic energy deposition with a transverse component of
at least 3 GeV. Subsequent software-based triggers require
two oppositely-charged tracks to form a D0 candidate with
a decay vertex well separated from the associated primary
pp collision vertex (PV). Additional requirements on the
quality of the online-reconstructed tracks, their transverse
momenta (pT) and their impact parameters (IP), defined
as the distance of closest approach of the reconstructed
trajectory to the PV, are applied in the final stage of the
software trigger. For the offline analysis, only D0 candi-
dates selected by this trigger algorithm are considered.
The D0 daughter particles are both required to have
pT > 800 MeV=c, p > 5 GeV=c, and !
2ðIPÞ> 9. The
!2ðIPÞ is defined as the difference between the !2 of the
PV reconstructed with and without the considered particle,
and is a measure of consistency with the hypothesis that the
particle originates from the PV. SelectedD0 candidates are
required to have pT > 3:5 GeV=c and are combined with a
track with pT > 300 MeV=c and p > 1:5 GeV=c to form a
D#þ candidate. Contamination from D mesons originating
from b-hadron decays (secondary D) is reduced by requir-
ing the !2ðIPÞ of theD0 and of"þs candidates to be smaller
than 9 and 25, respectively. In addition, the ring imaging
Cherenkov system is used to distinguish between pions and
kaons and to suppress the contamination from misidenti-
fied two-body charm decays in the sample. Backgrounds
from misidentified singly Cabibbo-suppressed decays are
specifically removed by requiring the D0 candidate mass
reconstructed under the KþK% and "þ"% hypotheses t
differ by more than 40 MeV=c2 from the known D0 mass
[19]. Contamination from electrons to the soft pion sample
is also suppressed using particle identification information.
Finally, it is required that theD0 and the "þs form a vertex,
which is constrained to the measured PV. Only candidates
with reconstructed K" mass within 24 MeV=c2 of the
known D0 mass and with reconstructed D0"þs mass below
2:02 GeV=c2 are considered further. The D0"þs mass,
MðD0"þs Þ, is calculated using the vector sum of the mo-
menta of the three charged particles and the known D0 and
"þ masses [19]; no mass hypotheses for the D0 daughters
enter the calculation, ensuring that all two-body signal
decays have the same MðD0"þs Þ distribution [20]. Events
with multiple RS or WS D#þ candidates occur about 2.5%
of the time, and all candidates are kept.
Figure 1 shows the MðD0"þs Þ distribution for the
selected RS and WS candidates. Overlaid is the result of
a binned !2 fit used to separate the D#þ signal component,
with a mass resolution of about 0:3 MeV=c2, from the
background component, which is dominated by associa-
tions of real D0 decays and random pions. The signal mass
shape is modeled as the sum of one Johnson SU [21] and
three Gaussian distributions, which account for the asym-
metric tails and the central core of the distribution, respec-
tively. The background is described by an empirical
function of the form ½MðD0"þs Þ %m0'ae%b½MðD0"þs Þ%m0',
where the threshold m0 is fixed to the sum of the known
D0 and "þ masses [19]. We reconstruct approximately
3:6( 104 WS and 8:4( 106 RS decays. To determine
the time-dependent WS/RS ratio, the data are divided
into thirteen D0 decay time bins, chosen to have a similar
number of candidates in each bin. The decay time is
estimated from the distance L between the PV and the
D0 decay vertex and from the D0 momentum as t=# ¼
mD0L=p#, where mD0 and # are the known D
0 mass and
lifetime [19], respectively. The typical decay-time resolu-
tion is*0:1#. The signal yields for the RS andWS samples
are determined in each decay time bin using fits to the
MðD0"þs Þ distribution. The shape parameters and the
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FIG. 1 (color online). Time-integratedD0"þs mass distributions for the selected RSD0 ! K%"þ (left) and WSD0 ! Kþ"% (right)
candidates with fit projections overlaid. The bottom plots show the normalized residuals between the data points and the fits.
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Events are trigg red by signatures consistent with a
hadroni charm decay. The hardware trigger demands a
hadronic nergy deposition with a transverse compo ent of
at least 3 GeV. Subsequent software-based triggers require
tw oppositely-charged tracks to form a D0 can idate with
a decay vertex well sep rated from the associated primary
p collision vertex (PV). Additional requirements on the
quality of the online-reconstructed tracks, thei transverse
momenta (pT) and their impact p ram ters (IP), defined
as the distance of clo est approach of the reconstructed
trajectory to the PV, are applied in the final stage of the
software trigger. For the offline nalysis, only D0 candi-
dates s lected by this trigger algorithm are consid red.
The D0 daughter particles are both required to have
pT > 800 MeV=c, p > 5 GeV=c, and !
2ðIPÞ> 9. The
!2ðIPÞ is defined as the diff rence between the !2 of the
PV reconstructed with and without the consid red particle,
and is a measure of consistency with the hypothesis that the
particle or ginates from the PV. S lectedD0 can idates are
required to have pT > 3:5 GeV=c and are combined with a
track with pT > 300 MeV=c and p > 1:5 GeV=c to form a
D#þ can idate. Contamination from D mesons or ginating
from b-hadron decays (secondary D) is reduced by requir-
ing the !2ðIPÞ of theD0 and of"þs can idates to be smaller
than 9 and 25, respectively. In addition, the ring imaging
Ch renkov ystem is used to distinguish between pions and
kaons and to suppress the contamination from misidenti-
fied two-body charm decays in the sample. Backgrounds
from misidentified singly Ca ibbo-suppresse decays are
specifically removed by requiring the D0 can idate mass
reconstructed under the KþK% and "þ"% hypoth es to
differ by more than 40 MeV=c2 from the known D0 mass
[19]. Contamination from lectrons to the soft pion sample
is also suppressed using particle identificati n information.
Finally, t is required that theD0 and the "þs form a vertex,
which is constrained to the measured PV. Only can idates
with reconstructed K" mass within 24 MeV=c2 of the
known D0 mass and with reconstructed D0"þs mass below
2:02 GeV=c2 are consid red further. The D0"þs mass,
MðD0"þs Þ, is calculated using the vector sum of the mo-
menta of the three charged particles and the known D0 and
"þ mas es [19]; no mass hypoth es for the D0 daughters
enter the calculation, ensuring that all two-body signal
decays have the same MðD0"þs Þ distribution [20]. Events
with multiple RS or WS D#þ can idates occur about 2.5%
of the time, and all can idates are kept.
Figure 1 shows the MðD0"þs Þ distribution for the
s lected RS and WS can idates. Overlaid is the result of
a binned !2 fit used to sep rate the D#þ signal compo ent,
with a mass resolution of about 0:3 MeV=c2, from the
background compo ent, which is dominated by associa-
tions of real D0 decays and random pions. The signal mass
shape is mod led as the sum of one Johnson SU [21] and
three Gaussian distributions, which account for the asym-
metric tails and the central core of the distribution, respec-
tively. The background is described by an empirical
function of the form ½MðD0"þs Þ %m0'ae%b½MðD0"þs Þ%m0',
wh re the threshold m0 is fixed to the sum of the known
D0 and "þ mas es [19]. We reconstruct approximately
3:6( 104 WS and 8:4( 106 RS decays. To d termine
the time-d pendent WS/RS ratio, the d ta are d vi ed
into thirteen D0 decay time bins, chosen to have a similar
number of can idates in each bin. The decay time is
estimated from the distance L between the PV and the
D0 decay vertex and from the D0 momentum as t=# ¼
mD0L=p#, wh re mD0 and # are the known D
0 mass and
lifetime [19], respectively. The typical decay-time resolu-
tion is*0:1#. The signal yields for the RS andWS samples
are d termined in each decay time bin using fits to the
MðD0"þs Þ distribution. The shape p ram ters and the
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FIG. 1 (c l r online). Time-integratedD0"þs mass distributions for the selected RSD0 ! K%"þ (left) and WSD0 ! Kþ"% (right)
can idates with fit projections overlaid. The bottom plots show the normalized residuals between the data points and the fits.
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Figure 1: (a) RS yield fit. (b) WS yield fit. Black points represent the data, blue
lines are the total fit models, and red indicates the background.
To a very good approximation, direct CPV can be ignored. RS decays are
Cabibbo-favored (CF) and the decay rate approaches an exponential. WS decays,
however, can either proceed via direct Doubly-Cabibbo-suppressed (DCS) decay, or
first mix into a D
0
, then undergo a CF decay. Expanding in small x and y, the ratio
of decay rates then becomes
R(t) =
N(WS(t))
N(RS(t))
= RD +
√
RDy
′(Γt) +
x′2 + y′2
4
(Γt)2, (1)
where x′ and y′ are x and y rotated by the strong phase difference between CF and
DCS decays, (
x′
y′
)
=
(
cos δ sin δ
− sin δ cos δ
)(
x
y
)
,
and RD is the ratio of DCS to CF decay rates. If there were no mixing, then
x′ = y′ = 0, and R(t) would be constant. By measuring this ratio as a function of
time, it is possible to extract the mixing parameters RD, x
′2, and y′. Figure 2a
shows the reconstructed distribution, which disfavors the no-mixing hypothesis.
2
The decay time, ti, is the average value in each bin of the
RS sample. The fit parameters, !, include the three mixing
parameters (RD, y
0, x02) and five nuisance parameters used
to describe the decay time evolution of the secondary D
fraction (!B) and of the peaking background (!p). The
nuisance parameters are constrained to the measured val-
ues by the additional !2B and !
2
p terms, which account for
their uncertainties including correlations.
The analysis procedure is defined prior to fitting the data
for the mixing parameters. Measurements on pseudoex-
periments that mimic the experimental conditions of the
data, and where D0 ! "D0 oscillations are simulated, indi-
cate that the fit procedure is stable and free of any bias.
The fit to the decay-time evolution of the WS/RS ratio is
shown in Fig. 2 (solid line), with the values and uncertain-
ties of the parameters RD, y
0 and x02 listed in Table I. The
value of x02 is found to be negative but consistent with zero.
As the dominant systematic uncertainties are treated within
the fit procedure (all other systematic effects are negli-
gible), the quoted errors account for systematic as well as
statistical uncertainties. When the systematic biases are not
included in the fit, the estimated uncertainties on RD, y
0,
and x02 become, respectively 6%, 10%, and 11% smaller,
showing that the quoted uncertainties are dominated by
their statistical component. To evaluate the significance of
this mixing result, we determine the change in the fit !2
when the data are described under the assumption of the
no-mixing hypothesis (dashed line in Fig. 2). Under the
assumption that the !2 difference, !!2, follows a !2
distribution for two degrees of freedom, !!2 ¼ 88:6 cor-
responds to a p-value of 5:7# 10!20, which excludes the
no-mixing hypothesis at 9.1 standard deviations. This is
illustrated in Fig. 3 where the 1", 3", and 5" confidence
regions for x02 and y0 are shown.
As additional cross-checks, we perform the measure-
ment in statistically independent subsamples of the data,
selected according to different data-taking periods, and
find compatible results. We also use alternative decay-
time binning schemes, selection criteria or fit methods to
separate signal and background, and find no significant
variations in the estimated parameters. Finally, to assess
the impact of events where more than one candidate is
reconstructed, we repeat the time-dependent fit on data
after randomly removing the additional candidates and
selecting only one per event; the change in the measured
value of RD, y
0, and x02 is 2%, 6%, and 7% of their
uncertainty, respectively.
In conclusion, we measure the decay time dependence of
the ratio between D0 ! Kþ#! and D0 ! K!#þ decays
using 1:0 fb!1 of data and exclude the no-mixing hypothe-
sis at 9.1 standard deviations. This is the first observation of
D0 ! "D0 oscillations in a single measurement. The mea-
sured values of the mixing parameters are compatible with
and have substantially better precision than those from
previous measurements [4,6,23].
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TABLE I. Results of the time-dependent fit to the data. The
uncertainties include statistical and systematic sources; ndf
indicates the number of degrees of freedom.
Fit type
Parameter
Fit result Correlation coefficient
(!2=ndf) (10!3) RD y0 x02
Mixing RD 3:52% 0:15 1 !0:954 þ0:882
(9:5=10) y0 7:2% 2:4 1 !0:973
x02 !0:09% 0:13 1
No mixing RD 4:25% 0:04
(98:1=12)
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FIG. 3. Estimated confidence-level (C.L.) regions in the
(x02, y0) plane for 1! C:L: ¼ 0:317 (1"), 2:7# 10!3 (3"),
and 5:73# 10!7 (5"). Systematic uncertainties are included.
The cross indicates the no-mixing point.
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FIG. 2 (color online). Decay-time evolution of the ratio, R, of
WS D0 ! Kþ#! to RS D0 ! K!#þ yields (points) with the
projection of the mixing allowed (solid line) and no-mixing
(dashed line) fits overlaid.
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Table 1: Results of the time-dependent fit to the data. The uncertainties include statistical
and systematic sources; ndf indicates the number of degrees of freedom.
Fit type Parameter Fit result Correlation coe⇤cient
(⇥2/ndf) (10 3) RD y⇥ x⇥2
Mixing RD 3.52± 0.15 1  0.954 +0.882
(9.5/10) y⇥ 7.2± 2.4 1  0.973
x⇥2  0.09± 0.13 1
No mixing RD 4.25± 0.04
(98.1/12)
 [%]2x'
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Figure 3: Estimated confidence-level (CL) regions in the (x⇥2, y⇥) plane for 1  CL = 0.317
(1 ), 2.7⇥ 10 3 (3 ) and 5.73⇥ 10 7 (5 ). Systematic uncertainties are included. The
cross indicates the no-mixing point.
estimated uncertainties on RD, y
⇥ and x⇥2 become respectively 6%, 10% and 11% smaller,
showing that the quoted uncertainties are dominated by their statistical component. To
eval ate the significance of this mixing result we determine the change in the fit ⇥2 when
the data are described under the assumption of the no-mixing hypothesis (dashed line
in Fig. 2). Under the assumption that the ⇥2 di⇥erence,  ⇥2, follows a ⇥2 distribution
for two degrees of freedom,  ⇥2 = 88.6 corresponds to a p-value of 5.7 ⇥ 10 20, which
excludes the no-mixing hypothesis at 9.1 standard deviations. This is illustrated in Fig. 3
where the 1 , 3  and 5  confidence regions for x⇥2 and y⇥ are shown.
As additional cross-checks, we perform the measurement in statistically independent
sub-samples of the data, selected according to di⇥erent data-taking periods, and find
compatible results. We also use alternative decay-time binning schemes or alternative
fit methods to separate signal and background, and find no significant variations in the
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Figure 2: (a) Time dependence of the WS/RS ratio, R(t). The dashed line is the
fit under t e no ixing hypothesis. The solid line is the fit llowing fo mixing
hypothesis. (b) Two dimensional contours of extracted x′2 and y′. (c) Comparison to
other experiments.
Figure 2b shows the extracted contours for t e ixing par meters x′2 and y′, and
show that no mixing is exclude at 9.1σ. Finally, Figure 2c shows the comparison of
the LHCb result with other experiments [7–9].
4 CP Violation in D+ → φpi+ and D+s → K0Spi+
In addition to mixing, LHCb carried out search s for direct CPV in the d cays
D+ → φpi+ and D+s → K0Spi+ [10]. There can only be direct CP violation in charged
mesons, and could arise from the interfere ce between tree-level a d peng in
amplitudes. In order to measure the CP violation, two CP asymmetries can be
written:
ACP (D
+ → φpi+) = Araw(D+ → φpi+)− Araw(D+ → K0Spi+) + ACP (K0/K0) (2)
ACP (D
+
s → K0Spi+) = Araw(D+s → K0Spi+)− Araw(D+s → φpi+) + ACP (K0/K0). (3)
The raw asymmetries above, Araw =
(
ND+
(s)
−ND−
(s)
)
/
(
ND+
(s)
+ND−
(s)
)
, are taken
from data, and ACP (K
0/K
0
) is the correction for CP violation in the neutral kaon
system, as discussed in [11]. The terms ND±
(s)
are the yields for the D±(s) decays. The
middle term in Equations 2 and 3 has negligible CP violation in both cases, and is
present to cancel production and detector asymmetries. The yields are extracted
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Figure 2: Invariant mass distribution of selected (a) D+ !  ⇡+, (b) D  !  ⇡ , (c)
D+ ! K0S⇡+ and (d) D  ! K0S⇡  candidates. The data are represented by symbols
with error bars. The red dashed curves indicate the signal lineshapes, the green solid
lines represent the combinatorial background shape, and the green dotted lines represent
background from mis-reconstructed D+s !  ⇡+⇡0 decays in (a) and (b), and D+s !
K0S⇡
+⇡0 or D+s ! K0SK+ decays in (c) and (d). The blue solid lines show the sum of all
fit components.
4 Determination of the yields and asymmetries
For the measurement of ACP , the signal yields are measured in 12 bins of transverse
momentum pT and pseudorapidity ⌘, using binned likelihood fits to the distributions of
the invariant masses m, where m is either m ⇡+ or mK0S⇡+ . The values of ACP in each bin
are calculated and a weighted average over the bins is performed to obtain the final result.
This procedure is adopted because the distributions of the two decays in pT and ⌘ di↵er
slightly, as shown in Fig. 4, and the D± production asymmetry may also vary over this
range [11]. The pT   ⌘ binning therefore reduces a potential source of systematic bias.
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Figure 3: Fits to D± → φpi±[(a) and (b)], and D±s → K0Spi± [(c) and (d)] invariant
mass distributions. (a) and (c) are fits to the D+(s), (b) and (d) are fits to the D
−
(s)
distributions. In e ch case, the points repres nt the data, th solid blue line is the
total fit model, dashed red are the signal components, solid green is the combinatorial
background, and dashed green represents misreconstructed decays.
from a fit to the φpi± and K0Spi
± invariant mass distributions, shown in Figure 3.
The final asymmetries are given by
ACP (D
+ → φpi+) = (−0.04± 0.14± 0.14)%, (4)
ACP (D
+
s → K0Spi+) = (+0.61± 0.83± 0.14)%. (5)
Both results are consistent with CP conservation. It is possible, however, that due
to the variation of the strong phase across the Dalitz plot, all CP violation could be
cancelled out. This variation is illustrated in Figure 4a. In order to account for this
variation, a new observable,
ACP |S ≡ 1
2
(AACP + A
C
CP − ABCP − ADCP ), (6)
is defined, where AXCP defines the CP asymmetry in region X of the Dalitz plot, as
assigned in Figure 4. This observable is sensitive to CP asymmetries which would
be cancelled in ACP . The distribution of events across the Dalitz plot is shown in
Figure 4b, and the result is
4
ACP |S = (−0.18± 0.17± 0.18)%. (7)
This is consistent with CP conservation.
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Figure 1: Variation of the overall phase of the D+ decay amplitude in the   mass
region of the Dalitz plot, from a simulation study based on the CLEO-c amplitude
model in which the phase is defined relative to that of the K⇤(892)0 resonance [14]. To
calculate ACP |S, the region is divided into rectangular zones as shown, corresponding to
1.00 < m(K K+) < 1.02GeV/c2 and 1.02 < m(K K+) < 1.04GeV/c2 along the y-axis,
and to m2(K ⇡+) < 1.48GeV2/c4 and m2(K ⇡+) > 1.48GeV2/c4 along the x-axis.
and of any asymmetry associated with the detection of the pion [12]. In the proximity
of the   meson mass of 1019.46 ± 0.02MeV/c2 [7] in the D+ ! K K+⇡+ Dalitz plot,
the kaons have almost identical momentum distributions. Therefore the kaon interaction
asymmetry cancels between theK+ andK  meson daughters of the   resonance. Hence the
search is restricted to decays with K+K  invariant masses in the range 1.00 < mK K+ <
1.04GeV/c2.
A concurrent measurement of the CP asymmetry in the D+s ! K0S⇡+ decay, approxi-
mated as
ACP (D
+
s ! K0S⇡+) = Araw(D+s ! K0S⇡+)  Araw(D+s !  ⇡+) + ACP (K0/K0), (3)
is performed using the D+s !  ⇡+ decay as a control channel. This decay is also Cabibbo-
suppressed, with similar contributions from loop amplitudes as the D+ !  ⇡+ decay, but
the number of signal candidates is substantially lower. This is partly due to the lower
D+s production cross-section [13] and partly because only K
0
S mesons with decay times of
less than 40 ps are used in this analysis. In Eq. (3), the e↵ect of the CPV in the neutral
kaon system has a sign opposite to that in Eq. (1) relative to the raw asymmetry in the
D+(s) ! K0S⇡+ decay because the D+s decays predominantly to a K0 meson while the D+
decays to a K0.
Within the Standard Model, CPV in singly Cabibbo-suppressed charm decays with
contributing tree and penguin amplitudes is expected to be [15]
ACP ⇡
    Im ✓VubV ⇤cbVusV ⇤cs
◆    R sin  S, (4)
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Figure 3: Observed density of decays in the D+ ! K K+⇡+ Dalitz plot, with the regions
A-D labelled as described in the text.
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Figure 4: Distributions of tr nsverse momentum pT and pseudorapidity ⌘ for (a) D
+ !
K0S⇡
+ and (b) D+ !  ⇡+ candidates with invariant masses m in the range 1845 < m <
1895MeV/c2. Candidates that do not fall into the 12 rectangular bins are not used in the
analysis.
The shapes of the D+(s) ! K0S⇡+ mass peaks are described by single Cruij↵ functions [24],
f(m) / exp
  (m  µ)2
2 2 + (m  µ)2↵L,R
 
(6)
with the peak position defined by the free parameter µ, the width by  , and the tails by
↵L and ↵R. The parameter ↵L is used for m < µ and ↵R for m > µ. In the  ⇡
+ final state,
Crystal Ball functions [25] are added to the Cruij↵ functions to account for the tails of
the mass peaks. The signal lineshapes are tested on simulated data and found to describe
the data well. The background is fitted with a straight line and an additional Gaussian
component centred at low mass to account for partially reconstructed D+s ! K0S ( )⇡+⇡0
7
(b)
Figure 4: (a) Simulation of the strong phase variation over the φ region of the D+
Dalitz plot. The regions A, B, C and D are defined for the new observable, ACP |S.
(b) Observed events in the D → φpi+ Dalitz plot, with regions overlayed.
5 CP Violation i D0 → K−K+pi+pi− and
D0 → pi−pi+pi+pi−
The final analysis presented is a model-independent search for CP violation in the
decay of D0 → K−K+pi−pi+ and D0 → pi−pi+pi+pi− [12]. In these decays, CP
violation could manifest itself in the interference between tree-level and penguin
amplitudes. The search for CP violation is performed over the entire 4-body phase
space of each decay. To fully describe this phase-space, five invariant mass
combinations are need d. As an example, one combination which could describe the
entire decay is
D0 → (1, 2, 3, 4) : {s(1, 2), s(2, 3), s(3, 4), s(1, 2, 3), s(2, 3, 4)}, (8)
where 1-4 are the decay products and s is the invariant mass squared of the
combinations of particles given. In this analysis, id ntical particles are assigned
randomly. The channel D0 → K−pi+pi+pi− is used as a control channel.
Signal candidates are selected through the decay D∗+ → D0pi+s . To determine the
asymmetries, signal distributions are extracted via the sPlot technique [13]. The
corresponding sWeights are extracted by fitting the (m,∆m) plane, where m is the
5
mass of the D0 candidate and ∆m is the mass difference between the D∗+and D0
candidate. Projections of these fits are given in Figure 5.
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Figure 1: Distributions of (a,c,e) m(hhhh) and (b,d,f)  m for (a,b) D0! K K+⇡ ⇡+, (c,d)
D0! ⇡ ⇡+⇡+⇡ , and (e,f) D0! K ⇡+⇡+⇡  candidates for magnet up polarity. Projections
of the two-dimensional fits are overlaid, showing the contributions for signal, combinatorial
background, and random soft pion background. The contributions from D0! K ⇡+⇡ ⇡+⇡0
and D+s ! K K+⇡ ⇡+⇡+ contamination are also shown for the D0! K K+⇡ ⇡+ sample.
The distributions for D0 candidates and magnet down data samples are consistent with the
distributions shown.
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The istributions for D0 candidates and magnet down data samples are consistent with the
distributions shown.
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4
Figure 5: Projections of fits to the (m,∆m) plane of the decays D0 → K−K+pi+pi−
[(a)-(b)], D0 → pi−pi+pi+pi− [(c)-(d)], andD0 → K−pi pi+pi− [( )-(f)]. Points repr sent
the data, the solid black line is the fit, and the shaded areas rep ese t the background
contr butions. The corresponding sig al yields are 330, 000 D0 → K−K+pi+pi− de-
cays, 57,000 D0 → pi−pi+pi+pi− decays, and 2.9× 106 D0 → K−pi+pi+pi− decays.
The significance is then calcul ted in equally populated bins of 5D phase space as
SiCP =
Ni(D )− αNi(D0)√
α(σ2i (D
0) + σ2i (D
0
))
, (9)
where Ni(D
0(D
0
)) are the yields in of D0(D
0
) in bin i, σi is the associated
uncertainty, and the factor α =
∑
iNi(D
0)∑
iNi(D
0
)
, corrects for any global production
asymmetries between D∗+ and D∗−. When summed over all bins i, the significance
approaches a χ2 distribution with Nbins− 1 degrees of freedom, from which a p-value
can be calculated. In the case of CP conservation, the distribution of SiCP is
Gaussian.
The final results are given in Figure 6 and summarized in Table 1. The raw CP
asymmetry, Araw distributions are shown for comparison to SCP and do not indicate
a CP asymmetry. Results are consistent with CP conservation in
D0 → K−K+pi+pi− and D0 → pi−pi+pi+pi− decays, and no local asymmetries are
found in the control channel.
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Figure 5: Distributions of (a,c,e) SCP and (b,d,f) raw asymmetry per bin for (a,b)
D0! K K+⇡ ⇡+ decays partitioned with 32 bins, for (c,d) D0! ⇡ ⇡+⇡+⇡  decays par-
titioned with 128 bins and for (e,f) the control channel D0! K ⇡+⇡+⇡  partitioned with 128
bins. The points show the data distribution and the solid line is a reference Gaussian distribution
corresponding to the no CPV hypothesis.
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bins. The points show the data distribution and the solid line is a reference Gaussian distribution
corresponding to the no CPV hypothesis.
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Figure 6: Distributions of SCP [(a),(c) and (e)] and Araw[(b),(d) and (f)] for D
0 →
K−K+pi−pi [(a),(b)], D0 → pi−pi+pi+pi− [(c),(d)] and D0 → K−pi+pi+pi−[(e),(f)].
Plots correspond to the middl row f Table 1.
Table 1: Results of fit to 5D phase space of (a) D0 → K−K+pi+pi−, (b) D0 →
pi−pi+pi+pi−, and (c) D0 → K−pi+pi+pi− in different binnings. Results are consistent
with CP conservation.
(a)
D0 → K−K+pi+pi−
Bins χ2/ndf p−value(%)
16 22.7/15 9.1
32 42.0/31 9.1
64 75.7/63 13.1
(b)
D0 → pi−pi+pi+pi−
Bins χ2/ndf p−value(%)
64 68.8/63 28.8
128 130.0/127 41.0
256 247.7/255 61.7
(c)
D0 → K−pi+pi+pi−
Bins χ2/ndf p−value(%)
16 16.5/15 34.8
128 113.4/127 80.0
1024 1057.5/1023 22.1
6 Conclusion
With 1 fb−1 of data collected in 2011 by the LHCb detector, D0 −D0 mixing has
been verified, and strong constraints on CPV in the decays D+ → φpi+,
D+s → K0Spi+, D0 → pi−pi+pi+pi− and D0 → K−K+pi+pi− are reported. With an
additional 2 fb−1 of data currently being analyzed, many more results will come
soon.
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